AbstrAct
Several different waveform processing techniques have been studied and proposed for the 5G new radio (NR) physical layer, to support new mixed numerology and asynchronous services. The evaluation and comparison of these different techniques is commonly based on matched waveform processing in the transmitter and receiver units. In this article, it is shown that different techniques can be flexibly mixed, making it possible to separately optimize complexity-performance trade-offs for transmitter and receiver implementations. Mixing different waveform processing techniques is possible by setting adequate requirements for transmitter and receiver baseband processing allowing transparent design. We provide the basic framework of how transmitter and receiver units can be independently applied and evaluated in the context of transparent design and an extensive set of examples of the achievable radio link performance with unmatched transmitter and receiver waveform processing. The discussed approach and solutions simplify standardization, improve transparent transmitter and receiver coexistence, and enable a futureproof evolution path for performance improvements in 5G NR physical layer hardware and algorithm design.
IntroductIon
The debate over different waveform processing solutions for the fifth generation (5G) new radio (NR) [1] physical layer air interface has been extensive during the last few years. Researchers have revised their knowledge of different waveforms thoroughly, evaluating, for example, orthogonal and non-orthogonal multicarrier waveforms [2] , complex and real symbol spaces for subcarrier wise filtered multicarrier [3] , and cyclic prefix (CP) versus zero postfix [4] or zero tail combined with discrete Fourier transform spread orthogonal frequency division multiplexing (OFDM) [5] . However, fewer studies have considered situations where transmitter (Tx) and receiver (Rx) units use different waveform processing techniques, which is the main theme of this article.
The recent 3GPP technical report describing 5G NR [6] states that the baseline assumption of the waveform for below 52.6 GHz communications is CP-OFDM and that the Tx processing has to be transparent to the Rx. This implies that any additional signal processing on top of the commonly agreed baseline CP-OFDM waveform, for example, time domain windowing or bandwidth part filtering performed in the Tx, is not signaled to the Rx and is thus generally unknown. Similarly, Rx waveform processing adopted on top of the basic CP-OFDM receiver processing is generally unknown to the Tx. In this article, we refer to Tx and Rx units that are capable of operating under such conditions as agnostic devices. Thus, it follows that Tx and Rx waveform processing stages are typically not matched, and that Tx and Rx waveform processing solutions need to be evaluated separately. By mixed transparent Tx and Rx waveform processing, we refer to scenarios where Tx and Rx use unmatched waveform processing techniques without information of the specific processing solution used by the other end. A concrete uplink (UL) example of such mixed or unmatched Tx and Rx waveform processing is a scenario where the user equipment (UE) uses time domain windowed overlap-and-add (WOLA) processing (see [7] , more details later) in Tx and the next generation NodeB (gNB) uses channel filtering in the Rx. Several other example scenarios are also considered in this article, in both UL and downlink (DL), in the 5G NR system context.
In 5G NR networks, the concept of transparent waveform processing is especially important due to the new requirements to support inband mixed numerology as well as asynchronous traffic [6] , which do not exist in LTE. In the Tx side, the target of additional signal processing is to suppress the out-of-band emissions and inband interference leakage to achieve defined emission masks, adjacent-channel-leakage-ratio (ACLR) specifications, and good spectral efficiency when mixing different numerologies or asynchronous traffic. In the Rx side, the additional processing is used to improve adjacent-channel-selectivity, which reduces the interference from a nearby intra-carrier or inter-carrier interferer using different transmission link direction, numerology, timing or completely different waveform. The mixed numerology inband emission masks considered for UL are a new aspect for 5G NR to allow in-channel mixing of different services using different numerologies and thus possibly different waveform processing within a carrier [8] . In general, the so-called bandwidth part (BWP) is defined [1, 9] as a contiguous spectral block used to support certain radio interface numerology either in DL or UL, and is the main tool to provide support for mixed numerology or asynchronous UL services in 5G NR networks. By a subband, in turn, we refer to a frequency allocation partially or fully covering one BWP. This reflects a minimum resource unit over which the windowing or filtering can be applied in the evaluated waveform processing methods. Such waveform processing seeks to specifically suppress the interference between different subbands or BWPs inside the carrier, arising from the adoption of multiple subcarrier spacings or relaxed time-synchronization requirements [2, 10] . In general, when the Tx and Rx units use different waveform processing techniques to shape the signal spectrum, special care in the design and evaluation of the used techniques is required. A particularly important aspect in applying transparent Tx waveform processing is that in interference-free scenarios, the transmitted signal can still be received by a plain CP-OFDM Rx, which refers to an Rx solution without any additional windowing or filtering on top of the baseline CP-OFDM waveform. The same holds for a transparent Rx, which has to work well with a plain CP-OFDM Tx. Ensuring good performance with plain CP-OFDM Tx or Rx units implies that different more evolved Tx and Rx units relying on transparent waveform processing can be flexibly taken into use in the evolving networks, over time, without any backward compatibility related concerns.
The observation that different Tx and Rx waveform processing algorithms can be flexibly mixed as long as they also work efficiently with plain CP-OFDM Rx or Tx, respectively, and that they provide similar performance with respect to matched Tx-Rx links, is novel and generally less discussed in the available literature. Increasing awareness of these aspects is one of the main purposes of this article. In addition, the 5G NR radio link performance results and computational complexity comparisons presented in this article are novel and have not been presented earlier in such a variety. Furthermore, a common assumption in mixed numerology or asynchronous traffic evaluations has been that the desired and interfering signals are built using the same waveform processing techniques. This simplifying assumption becomes invalid when different spectrum enhancement techniques are gradually deployed in different 5G NR network entities, thus hindering the performance comparison of different waveform processing techniques. In this article, we describe a generalized performance evaluation framework that allows for a smooth long-term evolution of 5G NR devices without affecting the physical layer specification requirements, as long as the Tx and Rx units' waveform related transparent signal processing achieves the given selectivity characteristics and inband distortion requirements. Transparent waveform processing assumption also provides larger freedom in device design, such that different performance vs. complexity trade-offs can be pursued. These are all aspects discussed in this article, increasing the novelty and technical impact of the work.
The rest of the article is organized as follows. In the following section, the benefits of an agnostic Tx and Rx framework and shifting from a matched waveform processing oriented view to mixed processing based radio links in the context of 5G system evolution are briefly discussed. Then a generic evaluation framework for transparent Tx and Rx units based on the assumption of CP-OFDM based waveforms is described. Then the system parameterization is given followed by numerous performance results including several examples of mixed, transparent Tx and Rx processing cases in different channel environments and interference scenarios. In addition, the waveform processing related complexity evaluations and comparisons are then provided. Finally, conclusions are drawn in the final section.
supportIng FlexIble 5g nr system evolutIon through trAnspArent tx And rx processIng
The high-level vision of 5G NR evolution in terms of commercial devices and reference Tx and Rx categories is illustrated in Fig. 1 . The gNBs and UEs or other devices (e.g., relays) communicate in actual 5G NR networks. The evolution of gNB defines new reference gNB Tx and Rx categories that are used to test and evaluate UEs or other devices. In a similar manner, the evolution of UEs or other devices defines new reference UE or device Tx and Rx categories which are used in evaluating gNBs. 5G NR evolution is, in general, driven by four main elements. Hardware development defines the improvements in hardware components and also improvements in computational capabilities of different network elements, enabling the use of more sophisticated algorithms. Algorithm development, in turn, includes all new innovations in signal processing at different layers of communications. New services and scenarios refer to new markets of the future where the 5G NR physical layer is applied to unforeseen services. Standard and protocol evolution refers to standardizing new services and features which the forthcoming 5G NR releases have to support. Standardization work follows the evolution and predictions of new service markets and tries to adapt for those as quickly as possible. Also, standardization bodies are responsible for striving to improve the performance in existing services. Together, standard evolution and new revenue-increasing services drive hardware and algorithm development. Then again, developments in the hardware and algorithm domains drive the evolution of standards and enable new services. The agnostic Tx and Rx approach has several indirect future technology benefits. In standardization, hard exclusive decisions of the supported processing techniques can be avoided, allowing different chip-set manufacturers and device vendors to select different processing schemes in their implementation variants. Additionally, this approach allows fast time-to-market for the first 5G product designs on selected frequency bands where operators accept none or a very limited amount of additional inband and out-ofband filtering compared to current LTE solutions. Even if additional frequency isolation is needed, this can be achieved simply by introducing additional guard bands by not using certain OFDM sub-carriers or physical resource blocks (PRBs) in scheduling, for example, at the band edges or in BWPs using services with different physical layer numerology. Naturally this reduces system spectrum utilization efficiency, but when the implementation techniques are improved, additional waveform signal processing can be applied separately at the network and the UE sides in a fully backward compatible manner, without negative impacts on the existing UE population on the used band.
Eventually, it is expected that the extremely high traffic capacity requirements of the future, together with the need to support multiple services and dynamic time division duplexing, will drive toward chip-set and device implementations supporting advanced signal processing techniques for suppressing inband and out-of-band interference and emissions in the Rx and Tx sides, respectively. However, with the agnostic Tx and Rx approach, there is no pre-requisite to do so before launching 5G operations, and even more importantly there is no upper limit on the performance set by the standard. Instead, the upper limit is set by the cost versus benefits evaluation in real system deployments, and implementations can push this limit forward in the future years of 5G networks.
AgnostIc tx And rx unIt evAluAtIon FrAmework reFerence tx And rx AssumptIons
The reference Tx and Rx designs assumed in this article reflect our view on the first device implementations in 5G NR phase 1, and stem from the current status of dominating LTE implementations. More specifically, we assume time domain WOLA processing [8] as the reference UE Tx solution. For UE Rx, no additional processing on top of plain CP-OFDM receiver is assumed. For the gNB Tx and Rx processing, channel filtered CP-OFDM is considered as the baseline. Typical LTE base station implementations rely on some type of channel filtering due to more strict DL Tx ACLR and out-of-band emission masks, and UL Rx adjacent-channel-selectivity requirements. Thus, in the DL scenario, the reference Tx is channel filtered CP-OFDM and the reference Rx is a plain CP-OFDM, while in UL the reference, Tx is WOLA processed CP-OFDM and the reference Rx is a channel filtered CP-OFDM. Thus, all other more involved Tx-Rx processing combinations reflect further evolution of the 5G NR networks and device categories. Note that in the selection of these reference Tx and Rx unit waveform processing techniques, we have extensively verified that the corresponding radio link performance with plain CP-OFDM Rx and Tx, respectively, is not degraded. In addition, the assumed reference Tx-Rx pairs in DL and UL are also already agnostic and unmatched solutions, by definition. . Later, we will evaluate several different radio link scenarios based on these models, with the above defined reference Tx and Rx solutions as the basis. The agnostic Tx and Rx solutions evaluated below correspond to the scenarios where we vary the waveform signal processing in the Tx or Rx unit, while we keep the reference waveform processing in the Rx or Tx unit, respectively. We also provide, for reference, selected matched link Table I . In this article, the radio link performance is always evaluated for BWP 1 or subband 1, depending on the scenario. performance results in which the Tx and Rx units utilize the same waveform processing approach.
If the Tx units are capable of generating multiple BWPs with different subcarrier spacings, each of these BWPs is either assumed to be received by an independent Rx unit or all BWPs are received by a single Rx unit. This feature is new for 5G NR compared to LTE, in which only a single subcarrier spacing is used per transmitted signal. In the recent Rel-15 5G NR specification [1] , UEs are not mandated to transmit or receive multiple different numerologies simultaneously, but this requirement will most likely be included in later releases. In general, when multiple BWPs with different subcarrier spacings are transmitted from a single or more Tx unit(s), sufficient guard bands (GBs) need to be used to limit the interference between BWPs. The required GB and its minimization is one of the key drivers for introducing and adopting new waveform processing solutions in 5G NR Tx and Rx units.
In the baseline inband interference free evaluations, only a single Tx and Rx unit is considered without any inter-subband-interference. In the more evolved mixed numerology interference scenarios, in turn, we assume that several UEs are served by different BWPs. An example is illustrated in Fig. 2c , depicting the transmission of two (DL) or three (UL) BWPs as defined in [6] . In Fig. 2c , the UL asynchronous interference scenario is also illustrated, where within one BWP we have three distinct subbands that are assumed to be used by three asynchronous UEs. The main difference between the DL and UL Tx unit evaluations in different inband interference scenarios is that in DL the Tx unit applies the same waveform processing over all BWPs and they are combined in the baseband before the radio channel, whereas in UL each Tx unit can use any waveform processing solution and the transmitted signals are effectively combined in the gNB Rx antenna after the radio channels. In our UL evaluations, we vary only the waveform processing solution of a single Tx unit/BWP/subband of interest (BWP 1 or subband 1 in Fig. 2c ) while assume the reference Tx waveform processing in the other interfering Tx units/BWPs/subbands.
In general, the most important metric used to evaluate the quality of the received signal and the achievable throughput is the radio link block error rate (BLER), which is measured by the radio link quality block in Fig. 2 . The Tx signal quality block, in turn, is used to evaluate the Tx error vector magnitude (EVM) and the spectral containment of the signal generated in the Tx unit. Spectral containment is measured in terms of out-of-band and inband emission levels as well as ACLR, which relates the absolute emissions in a certain measurement band to the average power on the active band used by the Tx unit. In addition, the 5G NR Tx unit performance evaluation contains a new edge PRB based definition for Tx EVM, and in the future possibly also mixed numerology specific inband emissions requirements [8] , which do not exist in current LTE standards. For realistic radio link performance evaluations, a channel emulator block is needed to introduce different standardized channel profiles, noise, frequency and power offsets, and timing errors. For generality, an additional element in the radio link performance evaluations is the other interference block, which can introduce additional standardized inband and out-of-band interference patterns under which the Rx unit has to achieve the specified performance metrics.
The described Tx and Rx unit performance evaluation setup is easily extended to evaluate carrier aggregation and multipoint transmission schemes, or even different baseline waveform types, for example, discrete Fourier transform spread OFDM with CP or zero prefix.
exAmple unmAtched tx-rx scenArIos, perFormAnce results And complexIty Aspects
In this section, the considered system parameterization is given, example performance results for different combinations of Tx and Rx units are provided and evaluated in terms of the achievable radio link BLER, and in the end a complexity comparison between evaluated waveform processing solutions is provided. The considered waveform processing solutions are fast convolution based subband filtered CP-OFDM (FC-F-OFDM) [10] , filtered CP-OFDM (f-OFDM) [11] , and windowed overlap-and-add (WOLA) processed CP-OFDM [7] . In all cases, the assumed reference Tx-Rx radio link performance for DL or UL is also given as a baseline.
evAluAtIon system pArAmeterIzAtIon
The baseline physical layer definition and numerology follow the ones defined in [6] for 5G NR link-level evaluations, and are summarized in Table  1 . The achievable Tx and Rx unit performance is evaluated in TDL-C channels [12] with 300 ns and 1000 ns root mean squared delay spreads. In addition, radio link performance with mixed numerology interference in DL and UL and with asynchronous interference in UL is evaluated. The mixed numerology and asynchronous interference scenarios follow the specified test-cases defined by 3GPP in [6] and are illustrated in Fig. 2c . The radio link performance is always evaluated for BWP 1 or sub-band 1 while other signals serve as inband interference sources. All signals are assumed to have 4 PRB allocation, and no other interference sources are assumed. Hence the word interference refers below to the inband interference between different BWPs or subbands.
FC-F-OFDM [10] is an efficient and flexible subband or BWP filtering scheme that allows computationally efficient implementation of steep subband, BWP or channel filters. The filter design is based on optimized frequency domain windows, making it possible to balance the required minimum stopband attenuation, transition bandwidth, and EVM performance. These designs are characterized by the minimum stopband attenuation (typically at the stopband edge) and transition bandwidth [10] , which are selected here as 10 dB and 2 FFT bins (30 kHz), respectively. f-OFDM [11] is based on time-domain subband or BWP filters which are built from windowed sinc-pulses with width in frequency corresponding to the subband or BWP size. The used time domain window is a Hann-window and the used filter length is 512 samples. For f-OFDM, tone offset defines the extra passband width with respect to the allocated bandwidth and is given in multiples of the subcarrier spacing. Tone offset is used to reduce the edge PRB EVM in f-OFDM.
The agnostic Tx and
Rx approach has several indirect future technology benefits. In standardization, hard exclusive decisions of the supported processing techniques can be avoided, allowing different chip-set manufacturers and device vendors to select different processing schemes in their implementation variants.
In the case of WOLA [7] , window slope length of nine samples is used, which corresponds to approximately 1 percent rolloff. WOLA is a well known, low complexity technique to reduce outof-band emissions of a CP-OFDM signal. In 5G NR, the new aspect of WOLA is to also use it in the Rx to reduce the mixed numerology or asynchronous interference effect on Rx demodulation quality. The Rx window is located in such a manner that the last window sample aligns with the last sample of the CP-OFDM symbol. In this way the effective CP length is maximized with WOLA Rx processing.
All the presented results assume an ideal channel knowledge in the Rx, and each simulated slot contains only data symbols. A constant CP length is assumed for simplicity. For the DL, a modified Rapp power amplifier (PA) model [13] is used, while for UL a polynomial PA model of order nine [14] is adopted. These particular PA models are selected because they are also used by 3GPP and are publicly available.
perFormAnce evAluAtIon results
Interference-Free Baseline Performance: The first results correspond to interference-free DL and UL transmissions shown in Fig. 3a and Fig. 4a , respectively. Any waveform processing aiming to improve performance in interference scenarios should not essentially degrade the performance in the interference free DL case or synchronous UL case, which are currently the main use cases in eMBB services. In Fig. 3a , it can be observed that without interference, the DL radio link performance is marginally degraded by the introduction of steep subband or BWP filtering. This is due to a minor increase in inter-symbol-interference induced by filtering. In general, the new waveform processing techniques do not essentially limit the performance in interference-free scenarios. In the the UL direction, as shown in Fig. 4a , the differences are even smaller mainly due to the more robust 64-QAM modulation.
In the agnostic Tx cases, the assumption is that the Tx unit is using the waveform processing defined in the figure legend and the receiver is a reference Rx. In the agnostic Rx cases, in turn, the Rx unit implements the identified waveform processing technique while the transmitter is a reference Tx. For example, in Fig. 3a , the "FC-F-OFDM, Agnostic Rx" case corresponds to the FC-F-OFDM based Rx unit with reference waveform processing in the Tx unit (channel filtered CP-OFDM in DL), following the evaluation models and discussion given earlier. Notice also that the reference Tx-Rx and all agnostic Tx cases in Fig. 3a build on plain CP-OFDM Rx (the UE reference Rx), forming the basis for more evolved mixing of waveform processing solutions.
DL Mixed Numerology Performance: In Figs. 3b-3d, the DL radio link performance is given for a mixed numerology interference scenario, shown in Fig. 2c , where the desired 15 kHz subcarrier spacing based signal at BWP 1 is neighbored from the right hand side by an interfering signal with 30 kHz subcarrier spacing at BWP 2. Both signals are assumed to contain 4 PRBs and use 256-QAM, R = 4/5 modulation. In the DL mixed numerology case, when testing gNB Tx units (agnostic Tx cases), one can assume that all BWPs are processed with the selected waveform processing In general, it is most likely unrealistic to assume the first or even the second generation 5G NR UEs to support any DL Rx processing more complex than WOLA. On the other hand, the second generation gNB Tx could support FC-F-OFDM. Therefore, in Fig. 3 (d) , a possible evolution of 5G NR mixed numerology DL radio link performance is shown.
technique and therefore the desired and interfering signals build on the same waveform processing. When testing the Rx unit (agnostic Rx cases), the desired and interfering signals use the same reference Tx waveform processing and only the UE side Rx waveform processing is changed. In Fig. 3 , the used GB corresponds to one 15 kHz subcarrier spacing based PRB. In Fig. 3b , the reference design does not achieve the 10 percent BLER target, and thus in practice a larger GB is required to support 256-QAM with code rate R = 4/5 in the DL mixed numerology scenario. Based on our results, the reference Tx-Rx achieves the 10 percent BLER target with SNR of 38 dB or 36 dB with two or three PRB GB, respectively. Thus, for the reference Tx-Rx design and first generation 5G NR systems, larger GB than 1 PRB is required for sufficiently good link performance in the mixed numerology DL scenario with high-order modulation and coding schemes. It is also observed that the improved spectral containment on the Tx side has relatively little effect, due to the plain CP-OFDM receiver. On the other hand, when the UE Rx waveform processing is assumed to support highly selective filtering, a clear improvement in the performance is observed, although the reference Tx unit does not improve the inband spectral containment of the transmitted signal.
When comparing matched link performance where similar waveform processing is assumed in Tx and Rx with agnostic Rx processing as shown in Fig. 3c , we note that WOLA provides similar performance with matched link and agnostic Rx processing, while using a matched subband filtering scheme capable of providing a good spectral containment in both Tx and Rx improves the link performance compared to agnostic Rx performance. An important factor for clearly improved link performance in the filtering-based matched Tx-Rx cases is that the gNB Tx simultaneously improves the spectral containment of all BWPs, thus reducing the interference leakage between BWP 1 and BWP 2. From the evaluated waveforms, FC-F-OFDM is the only one achieving the interference free performance in the DL matched Tx-Rx case.
In general, it is most likely unrealistic to assume the first or even the second generation 5G NR UEs to support any DL Rx processing more complex than WOLA. On the other hand, the second Gain from FC-F-OFDM Tx with WOLA Rx generation gNB Tx could support FC-F-OFDM. Therefore, in Fig. 3d , a possible evolution of 5G NR mixed numerology DL radio link performance is shown. Here reference Tx-Rx is shown together with reference Tx with WOLA Rx, FC-F-OFDM Tx with WOLA Rx, and FC-F-OFDM based Tx and Rx link. We observe that there is a clear gain in using WOLA in the Rx compared to reference Rx, and approximately 2 dB gain when combining FC-F-OFDM Tx with WOLA Rx. This gives a concrete vision and view of how the 5G NR radio link performance can evolve over time by introducing gradually more and more complex, transparent physical layer processing in the gNB and UEs. UL Mixed-Numerology and Asynchronous Interference Performance: In UL interference scenarios, illustrated in Fig. 2c , all signals are assumed to contain 4 PRBs, and the interfering signals are always WOLA processed QPSK, R = 3/4 modulated signals, following the reference Tx unit specifications defined earlier. The PA output power is always set such that 50 percent of the EVM budget [15] is used by the polynomial PA model. By keeping the interfering signals fixed, we get a better understanding of the practical effects of certain waveform processing technique in the evaluated Tx or Rx unit. In practice, UEs from different vendors would anyway use different waveform processing techniques.
In Fig. 4b , the UL performance with asynchronous interference is shown. In this case the desired signal at subband 1 is neighbored on both sides by signals using the same numerology but which are shifted in time by 128 samples to model asynchronous operation. As in the DL mixed numerology case shown in Fig. 3 , the UE Tx waveform processing selection has relatively little effect on the performance, whereas the gNB Rx waveform processing should build on highly selective subband filtering. In Fig. 4b , we have included as a reference the performance with synchronous UL signals with the same GB. This provides a fair comparison point for the UL interference scenarios. We can observe that with highly selective gNB Rx filtering, the asynchronous UL performance is within 2 dB of the completely synchronous UL performance, while the other asynchronous schemes are within 5 dB to 7 dB of the synchronous UL performance.
In Fig. 4c , the UL performance with mixed numerology interference is shown. The desired Performance loss due to increased Tx EVM signal with 15 kHz subcarrier spacing at BWP 1 is neighbored on both sides by interfering signals using a 30 kHz subcarrier spacing. The performance degradation is smaller than in the asynchronous case with the same GB. This is mainly due to the lower-power spectral density of the interfering signals due to wider bandwidth allocation. The same observations hold as in previous interference cases, and we can see that the reference Tx-Rx setup is within a 1.5 dB SNR gap from the reference single-numerology synchronous UL performance shown in Fig. 4b . In Fig. 4d , the UL mixed numerology performance evaluation is pushed further, with 30 kHz GB and 256-QAM, R = 4/5. The observed performance degradation compared to 64-QAM in Fig. 4c is caused by the increased sensitivity of 256-QAM to inter-BWP interference. In the reference Tx-Rx and agnostic Tx cases, the receiver is always a channel filtered CP-OFDM receiver that does not attenuate the interference between BWPs, and thus the corresponding radio link performance saturates to a high BLER floor not reaching the 10 percent target. Interestingly, in agnostic Tx cases, the BLER floor is even slightly higher compared to the reference Tx-Rx case, due to the Tx EVM increase caused by the selective BWP filtering as well as the fact that the interfering signals are fixed to WOLA processed CP-OFDM and hence do not change when the target Tx unit is varied. Strictly speaking, such observation can be made already in Figs. 4b and 4c but is further pronounced in Fig. 4d due to 256-QAM. Again, the agnostic Rx approach with highly selective Rx BWP filtering provides the best performance, with FC-F-OFDM being the best method similar to the DL studies, because the Rx BWP filtering efficiently suppresses the inter-BWP interference originating from BWPs 2 and 3.
The above finding that under reference processing methods in gNB Rx unit and in the Tx units of the baseline UE population, improving the Tx spectral containment of selected UE devices does not map to improved UL radio link performance is important and novel. Thus, the results indicate that special care in evaluating new Tx and Rx units in different scenarios with different reference Tx and Rx unit configurations is needed to understand the expected performance in practical deployments. At large, the obtained UL results indicate that in both mixed numerology and asynchronous interference scenarios, considerable improvement in radio link performance can be achieved with an agnostic combination of unmatched Tx and Rx waveform processing solutions, with special emphasis on the gNB Rx unit side.
complexIty AnAlysIs And compArIson
To understand the performance-complexity trade-offs related to the considered waveform processing techniques more thoroughly, we next address the involved computational complexities. Two basic complexity metrics are used, namely the number of real multiplications per active subcarrier and the relative complexity compared to plain CP-OFDM symbol processing with FFT size N FFT = 1024. The obtained complexity results are collected in Table 2 . The first four cases correspond to single numerology processing, with 15 kHz subcarrier spacing, where the 12 × 4 PRBs case corresponds to a concrete example of subband level filtering or windowing in the asynchronous UL access inside one BWP. The last line reflects an example mixed numerology case with two BWPs including 25 + 12 PRBs with 15 kHz and 30 kHz subcarrier spacings, respectively. In all cases the shown complexities reflect a processing window of one 15 kHz CP-OFDM symbol.
In the single numerology scenarios, the WOLA scheme needs only a minor increase in complexity compared to the basic CP-OFDM, while f-OFDM and FC-F-OFDM are clearly more complex. Among the filtering schemes, f-OFDM implementation is slightly more effective in the case of a single or few narrow subbands, while for high numbers of subbands, or wider subbands, the FC-F-OFDM scheme is clearly more efficient in terms of the needed multiplication rates.
In the mixed numerology scenario, WOLA has the largest relative increase in complexity compared to single numerology processing, as each numerology requires its own IFFT [7] . The f-OFDM, in turn, shows slightly increased complexity compared to the 12 × 4 PRBs case, but clearly lower complexity than in the 50 PRBs case modeling channel filtering like operation. Notably, FC-F-OFDM achieves even slighty smaller complexity than in the 50 and 12 × 4 PRBs cases.
The presented complexity results indicate that WOLA has the smallest complexity. However, as the number of simultaneously supported numerologies increases, the relative complexity difference between WOLA and different filtering-based approaches decreases. When also considering the presented radio link performance results, FC-F-OFDM is considered to provide the best complexity-performance trade-off among the evaluated waveform processing solutions.
conclusIon And dIscussIon
In this article, 5G NR system evolution through transparent Tx and Rx processing enhancements was discussed and analyzed, with particular emphasis on new mixed numerology and asynchronous services. The baseline assumption is that CP-OFDM waveform is used, which can then be further filtered or windowed in the Tx or Rx unit at the carrier, bandwidth part, or subband level. It was shown that different waveform signal processing techniques can be flexibly mixed, making it possible to separately optimize complexity-per- formance trade-offs for transmitter and receiver implementations, and separate evolution paths for base-stations and user equipment. The observation that different Tx and Rx waveform processing algorithms can be flexibly mixed as long as they also work efficiently with plain CP-OFDM Rx or Tx, respectively, and that they provide similar performance with respect to matched Tx-Rx links is novel and generally less discussed in the available 5G NR literature. Furthermore, reference Tx and Rx waveform processing solutions for DL and UL, reflecting our view of the first phase 5G NR UE and gNB implementations, were defined and shown to provide realistic performance while also ensuring sufficient room for performance improvements with future device generations and categories in 5G NR system evolution. Based on the presented radio link performance results and complexity analysis, it is clear that highly-selective bandwidth part or subband filtering in the form of FC-F-OFDM should be applied in all Tx and Rx units in DL and UL, in the long run. The results also show that applying FC-F-OFDM in the Rx units has larger performance impact in both DL and UL, compared to Tx units. Due to the complexity increase compared to WOLA, FC-F-OFDM is most likely first implemented in the gNB side, where it can significantly improve the UL and DL radio link performance. Eventually, FC-F-OFDM should also be applied in the UE side to minimize inband interference and required GBs to maximize the 5G NR system throughput and spectral efficiency.
In general, the concept of transparent waveform processing is especially important in 5G NR mobile communications, where the flexible physical layer definition allows a single device to transmit or receive multiple bandwidth parts with different subcarrier spacings. Thanks to transparent processing, each of these component signals may use different waveform processing techniques on top of CP-OFDM to optimize the performance and complexity trade-offs per service. Furthermore, it may be envisioned that forthcoming 5G devices can adapt their waveform processing depending on the channel and interference conditions as long as the waveform processing itself is not specified, only the performance requirements, thus allowing further improvement in the link performance in different scenarios. The concepts put forward in this article provide a future-proof approach for 5G NR design, and a simple and repeatable evaluation framework that can be used to assess new concepts for CP-OFDM based communications in 5G NR networks. kari PaJukoski received his B.S.E.E. degree from the Oulu University of Applied Sciences in 1992. He is a Fellow with Nokia Bell Labs. He has broad experience in cellular standardization, link and system simulation, and algorithm development. He has more than 100 issued U.S. patents, of which more than 50 have been declared "standards essential patents." He is the author or co-author of more than 300 standards contributions and 30 publications. His research interests include radio communications, radio systems and signal processing, with a specific emphasis on 5G and beyond mobile networks.
Based on the presented radio link performance results and complexity analysis, it is clear that highly-selective bandwidth part or subband filtering in the form of FC-F-OFDM should be applied in all Tx and Rx units in DL and UL, in the long run. The results also show that applying FC-F-OFDM in the Rx units has larger performance impact in both DL and UL, compared to Tx units.
